1. Introduction
===============

Pelvic tumor was the third common malignant bone tumor and occupied approximately 10 to 15 percentage of malignant bone tumor.^\[[@R1]--[@R3]\]^ Pelvic tumor has relatively low survival rate and high recurrence rate. In order to prolong patient\'s life and reduce recurrence rate, en-bloc resection of pelvic tumor with tumor-free margin was of great importance. Therefore, large size of bone defect was always remained after tumor resection. Currently mainstream methods of pelvic reconstruction mainly including structural allograft plus internal fixation, saddle prostheses, ice-cream cone prostheses, modular prostheses, and computer-aided design (CAD) prostheses reconstruction surgery.^\[[@R4],[@R5]\]^ However, owing to the individualized morphology of pelvis and different invasion range of tumor, conventional pelvic prosthesis could not satisfactorily restore the integrity of pelvic ring.^\[[@R6]--[@R8]\]^ Owing to the poor matching degree of conventional prosthesis, surgeons had no choice but to conduct massive osteotomy to satisfy prosthetic implantation. So unaffected bone tissue could not be preserved precisely.^\[[@R7]--[@R9]\]^ Currently, the emergence of CAD customized pelvic prostheses has significantly enhanced the compatibility between prostheses and resected pelvis.^\[[@R8]--[@R10]\]^ But manufacture accuracy of CAD was relatively low and could not satisfy the reconstruction demand. Moreover, the surface of CAD prosthesis has no macro-porous structure which could promote bone in-growth. So long-term biological stability of pelvis was always poor.^\[[@R1]--[@R3]\]^

Nowadays with rapid development of three-dimensional (3D) print technology, 3D print custom-made implant was generally applied in orthopedics.^\[[@R1]--[@R3],[@R11]\]^ The most remarkable advantage of 3D print technology was custom-made design which could significantly improve matching degree of prostheses.^\[[@R2]\]^ According to previous studies, after tumor resection, 3D printed customized pelvic prostheses could accurately fill the bone defect and reconstruct pelvis to it\'s original morphology.^\[[@R2],[@R3]\]^ Secondly, macro-porous structure could be designed on the interface of bone-prosthesis to promote the osseous fusion ability and long-term stability of prostheses by 3D print technology.^\[[@R1],[@R3],[@R5],[@R6]\]^ Mesh structure has complicated morphology which was hard to manufacture by means of conventional industrial technology.

3D printed technology was also applied in various aspect in both preoperative design and intraoperative application. First step, 3D printed pelvic model was applied to carry out simulated experiment to test matching degree of prosthesis. Second step, 3D printed osteotomy guide was designed to enhance accuracy of osteotomy. Finally, 3D printed pelvic prosthesis was implanted to fill the bone defect and reconstruct pelvis. Through this method, a promising method was attempted to explore treatment of pelvic tumor.

2. Case presentation
====================

2.1. Ethical statement
----------------------

This study was conducted in accordance with the principles outlined in the Declaration of Helsinki. Before execution, this study was authorized by the Ethics Committee of the second hospital of Jilin University. "Informed consent" was obtained from the patient and her family members before operation. Patient\'s data were kept anonymous to ensure patient\'s privacy.

2.2. Clinical data
------------------

A 62-year-old female was diagnosed as "right acetabulum metastatic carcinoma (Enneking IIB stage), right renal clear-cell carcinoma." Osseous destruction of right ilium and acetabulum was founded in pelvic computed tomography (CT) image (Fig. [1](#F1){ref-type="fig"}A, B, and D). Maximum shade of intercondylar soft tissue was 51 × 42 mm in magnetic resonance imaging image (Fig. [1](#F1){ref-type="fig"}C). Right hip joint "4 experiment" (+) was founded in physical examination. Range of motion of affected hip: forward flexion 10°, backward extension 0°, adduction 10°, abduction 15°.

![Preoperative image of a 62-yr-old female patient who was diagnosed as metastatic acetabulum carcinoma: (A): Axial view CT image. (B): Coronal view CT image. (C): Coronal view MRI image. (D) Three-dimensional reconstruction CT image. CT = computed tomography, MRI = magnetic resonance imaging.](medi-98-e16658-g001){#F1}

2.3. Preoperative design
------------------------

### 2.3.1. Data acquisition and image processing

Pelvic CT scan was conducted by 256 row spiral CT machine (Philips Corporation. Japan). Parameters of CT scan was as follow: Kilovolt peak: 120 kV, tube current: 232 mA, rotation time: 0.75 seconds, layer thickness: 0,9 mm, increment: 0.45 mm. After acquisition of digital imaging and communications in medicine format CT data, it was exported into Mimics 17.0 Software (Materialise Corporation, Belgium).

### 2.3.2. Manufacture of 3D printed stereolithography apparatus resin pelvic model

CT data were exported into Mimics 17.0 Software to conduct 3D reconstruction. Stereolithography (STL) format pelvic model was acquired and imported into the rapid prototyping Magics 18.0 Software (Materialise Corporation) to conduct model pretreatment and support generation. Finally, the data was imported into resin 3D print machine (Shining ISLA 450, China) to manufacture STL apparatus resin model of pelvis. Pelvic model was applied as auxiliary instrument to evaluate bone defect preoperative. In addition, it was also used to test matching degree of prosthesis before operation.

### 2.3.3. Design and manufacture of 3D printed osteotomy guide

The basic shape of osteotomy guide was designed according to morphology of affected hemi-pelvis combined with projected osteotomy scope. Osteotomy lines were located at least 30 mm away from the boundaries of tumor invasion region to ensure thorough tumor resection and tumor-free margin. Four osteotomy lines were designed around the acetabulum, including anterior ilium, posterior ilium, pubis, and ischium osteotomy lines (Fig. [2](#F2){ref-type="fig"}). Conformable surface was projected on 3D printed osteotomy guide which had consistent shape with affected hemi-pelvis. Surgeon could locate osteotomy guide at preoperative-designed location and fix it with Kirschner wires to conduct accurate osteotomy. After shape design, osteotomy guide was manufactured by EOS P 110 3D print machine.

![Flow chart of design procedure and matching experiment of 3D printed osteotomy guide and prosthesis: (A): Osteotomy guide. (B): Simulative matching of osteotomy guide and affected side hemi-pelvis. (C): Residual hemi-pelvis after tumor resection. (D): Basic morphology of 3D printed pelvic prosthesis. (E): Simulative matching of residual hemi-pelvis and pelvic prosthesis. 3D = three-dimensional.](medi-98-e16658-g002){#F2}

### 2.3.4. Design and manufacture procedure of individual 3D printed prosthesis

3D printed prosthesis was designed according to mirror image of unaffected side hemi-pelvis combined with projected osteotomy scope. 3D printed macro-porous structure was designed on the interface of bone-prosthesis to promote bone in-growth and prosthetic stability. Pore diameter and porosity of macro-porous structure were set to 400 μm and of 60%, respectively. Ti6Al4V was chosen as material of prosthesis. Finally, titanium alloy prosthesis was manufactured by Arcam A1 3D print machine (Arcam Corporation, Beijing) by means of electron beam melting (EBM) 3D print technique (Fig. [3](#F3){ref-type="fig"}A and B).

![Preoperative matching test of 3D printed Ti6Al4V hemi-pelvic prosthesis: Anterior view (A) and posterior view (B) of 3D printed Ti6Al4V hemi-pelvic prosthesis. Preoperative in vitro experiment was carried out to test matching degree between 3D printed Ti6Al4V hemi-pelvic prosthesis and residual hemi-pelvis (C, D). 3D = three-dimensional.](medi-98-e16658-g003){#F3}

### 2.3.5. Preoperative in vitro simulative experiment

3D printed osteotomy guide and model of affected side hemi-pelvis were applied in this study to conduct in vitro simulative osteotomy experiment. After that, simulative matching experiment between residual hemi-pelvic model and 3D printed pelvic prosthesis was carried out to ensure the compatibility attribute of prosthesis before operation. 3D printed prosthesis matched perfectly with pelvic model during in vitro simulation (Figure [3](#F3){ref-type="fig"}C and D).

2.4. Surgical procedure
-----------------------

After general anesthesia, patient was placed as left-lateral recumbent position. Right hip K-L incision with 30 cm length was adopted to expose focus. Skin, subcutaneous tissue, and gluteus maximus were incised successively. Internal rotation and adduction of right lower limb were positioned to amply expose femoral neck. After cutting off external rotation muscle group, joint capsule was incised with "T shape" incision. Osteotomy of femoral neck was conducted by swing saw from the intersection region between greater trochanter and femoral neck to 10 mm above small trochanter. Then femoral head was removed. After total exposure of the tumor, bone destruction of ilium, pubis, and partial ischium was found. 3D printed osteotomy guide was located and fixed at the corresponding location of the hemi-pelvis to carry out osteotomy (Fig. [4](#F4){ref-type="fig"}A). Under assistance of osteotomy guide, osteotomy was conducted with minimal distance 30 mm away from the boundary of tumor. After hemostasis of operative field, 3D printed Ti6Al4V pelvic prosthesis was fixed firmly at ilium and pubis by flank screws (Fig. [4](#F4){ref-type="fig"}B). Bone cement type acetabular cup with size of 46/28 mm was implanted (Fig. [4](#F4){ref-type="fig"}C). Femoral medullary cavity was reamed along major axis of femur. Biological femoral prosthesis with size \#10 was inserted into femoral medullary cavity (Fig. [4](#F4){ref-type="fig"}D). Femoral head with 28/-4 mm size was also assembled. After restoration of hip joint, satisfactory hip joint range of motion was insured by surgeons. Then muscle, subcutaneous tissue, skin were sawed step by step.

![Surgical procedure: (A): 3D printed prosthesis model was applied as guidance of osteotomy in operation. (B): 3D printed Ti6Al4V pelvic prosthesis was fixed at ilium, pubis, and ischium by flank screws. (C): Cement type acetabular cup was implanted. (D): Biological femoral stem was inserted into femoral medullary cavity. 3D = three-dimensional.](medi-98-e16658-g004){#F4}

3. Outcomes and follow-up
=========================

3.1. Surgical result
--------------------

3D printed prosthesis was implanted to fill the bone defect successfully. Anatomical reconstruction of pelvis was achieved. Satisfactory motion range of hip joint was restored. Intraoperative amount of blood was 900 ml. Operation time was 104 minutes.

3.2. Follow-up result
---------------------

Musculoskeletal tumor society score (MSTS), SF-36, and Harris score have improved respectively from 7, 52.7, and 19 points preoperative to 16, 108.2, and 52 points at 12 months' follow-up as described in Table [1](#T1){ref-type="table"}. Functional training of lower limbs under assistance of crutch was allowed 2 days after operation. Full weight bear exercise was allowed 2 weeks after operation. X-ray and CT indicated satisfactory prosthetic location during postoperative 1 to 12 months follow up (Fig. [5](#F5){ref-type="fig"}). No radiolucent line which indicated prosthetic loosening and migration was detected until the latest follow-up. There was also no sign of periprosthetic fractures in X-ray image. There was also no sign of periprosthetic infection. Erythrocyte sedimentation rate and C-reactive protein were normal during follow-up. Patient could walk over 1 km under assistance at 6 months postoperative. Daily activities could be achieved by herself at latest follow-up.

###### 

Postoperative function score.

![](medi-98-e16658-g005)

![Postoperative follow-up pelvic X-Ray image. (A): Intraoperative X-ray image. (B): Postoperative 3th mo follow-up X-ray image; (C): Postoperative 12th mo follow-up X-ray image. Satisfactory location of 3D printed prosthesis was investigated in pelvic X-ray image. 3D = three-dimensional.](medi-98-e16658-g006){#F5}

4. Discussion
=============

Pelvis was the third frequent site for metastatic bone tumor, which occupied approximately 10 to 15 percentage of primary metastatic bone tumor.^\[[@R10]--[@R13]\]^ Pelvic tumor had relatively low survival rate and high recurrence rate.^\[[@R9],[@R14]--[@R16]\]^ Owing to lack of individual prosthetic design, conventional saddle prostheses were reported 12% incidences of prosthetic loosening.^\[[@R10]\]^ Due to poor matching degree of conventional pelvic protheses, massive pelvis osteotomy always needed to be conducted in order to satisfy implantation of protheses. Massive osteotomy leads to loss of attached point of the adjacent soft tissue. This factor might interpret why poor postoperative lower limbs' motion function was achieved in pelvic reconstruction surgery with modular prostheses.^\[[@R5]--[@R9]\]^ In recent years, with rapid development of 3D print technology, this technology was gradually applied in orthopedic oncology which mainly including design and manufacture of protheses, osteotomy guide, and model.^\[[@R18]--[@R20]\]^

Restoration of original anatomy and biomechanics stability of pelvis was the foremost task of pelvic reconstruction surgery.^\[[@R1]--[@R3],[@R13]--[@R15]\]^ 3D print technology has incomparable superiority in aspect of pelvic reconstruction for it\'s individual prosthetic design, high accuracy of manufacturing, shorter periodicity, and commercial availability.^\[[@R2],[@R17]--[@R21]\]^ For instance, 3D printed iliac prosthesis was manufactured to fill bone defect of a patient with ilium tumor in Chen et al\'s study. Novel navigation system was also applied to ensure optimal location of 3D printed prostheses. Patient-specific 3D printed prostheses were highly recommended in their study.^\[[@R2]\]^ The advantages of 3D print technology in pelvic reconstruction were also founded in Fan et al\'s study. In their study, various 3D printed prostheses were designed according to patients' own morphology of bone tissue to carry out limb salvage surgery of clavicle, pelvis, and scapular.^\[[@R3]\]^ In pelvic reconstruction surgery, operation time of was 130 minutes and amount of intraoperative bleeding was merely 800 ml. High degree MSTS of 27 points (90%) was achieved at 18th months' follow-up. It was concluded in their study that custom-made 3D printed pelvic protheses simplified surgical procedure and improved motion function of lower limbs.^\[[@R3]\]^ In Wei et al\'s study, "U shape" 3D printed sacral prosthesis was particularly designed and manufactured to reconstruct the pelvis of a patient with primary sacral tumor.^\[[@R1]\]^ Optimal reconstruction effect of lumbosacral and pelvic ring was achieved by 3D printed sacral prosthesis. Bone defect was filled perfectly with 3D printed prostheses, therefore, the integrity of pelvis was restored intraoperatively. Meanwhile, it was founded by Wei et al that macro-porous structure on the interface of bone-prosthesis could induce bone in-growth ability hence long-term prosthetic stability. The 3D printed pelvic prosthesis applied in our study was projected on the basis of mirror entity of unaffected side hemi-pelvis. Through rigorous preoperative plan, restoration of original morphology of pelvis and high-grade matching degree of prostheses were guaranteed to the utmost. 3D printed prostheses were widely recommended as humanization design, low cost and high efficiency, and accuracy of manufacture.^\[[@R20]--[@R22]\]^

In addition to anatomical reconstruction of pelvis, long-term stability of protheses was essential to ensure the functions of lower limbs.^\[[@R1]--[@R3],[@R22]\]^ In order to reduce the incidence of prothetic lossening, macro-porous structure should be projected on the surface of bone-prothesis to promote osteointegration of prothesis.^\[[@R22],[@R23]\]^ But the complex structure of macro-porous limited it\'s application in this aspect. The limitation highlighted the advantage of EBM-3D print technology for it\'s excellent manufacturing engineering.^\[[@R18],[@R19]\]^ It was recommended in previous studies that macro-porous structure with diameter in range of 300 μm to 700 μm and porosity ranged between 51% to 73% was most effective to induce bone in-growth ability.^\[[@R22],[@R23]\]^ 3D printed scaffolds with diameter of 800 um was also designed on the surface of 3D printed iliac prosthesis in Wei et al\'s study.^\[[@R1]\]^ In Fan et al\'s study, 3D printed scaffolds with various morphology were applied to augment bone in-growth capacity of clavicular, scapular, and pelvic prostheses.^\[[@R3]\]^ Drawing lessons from previous studies, EBM-3D printed macro-porous structure was also designed on the surface of pelvic prothesis in our study. Diameter and porosity of macro-porous structure was set to 400 μm and 60%, respectively. Satisfactory location of 3D printed prosthesis was founded in X-ray during 12 months' follow-up. No signs of prosthetic loosening and displacement were detected, which good osteointegration ability of prothesis.

The procedure of tumor resection and pelvic reconstruction surgery was complicated in which long operation time and massive amount of bleeding widely existed. According to previous studies, 10 patients with acetabulum tumors were conducted allograft surgeries in which operation time and intraoperative bleeding were 5.2 hours and 2700 ml.^\[[@R15]\]^ In Sun et al\'s study, average operation time and amount of bleeding of 16 cases primary pelvic tumors resection surgeries were 3.5 hours and 2600 ml. Long operation time and massive bleeding increased the probability of infection.^\[[@R1],[@R5],[@R11]\]^ In modular hemi-pelvic endoprosthesis, high incidence of postoperative infection (14%) was reported by Wang et al.^\[[@R5]\]^ In our study, in order to simplify surgical procedure and reduce operation time, 3D printed osteotomy guide and pelvis model were manufactured to assisted implantation of 3D printed prothesis. Owing to rigorous pro-operative design and fast osteotomy, operation time and intraoperative bleeding have been reduced to merely 104 minutes and 900 ml which were far less than the data reported in relative studies. Among the above factors, application of 3D printed osteotomy guide was considered as a key point to simplify surgical procedure by surgeon of this operation.

Patient-specific osteotomy guide could significantly improve osteotomy accuracy. Currently, it has been widely applied in resection of bone tumor.^\[[@R9]--[@R12]\]^ Osteotomy accuracy of 3D printed guide and free-hand osteotomy were compared by Jentzsch et al.^\[[@R13]\]^ Maximum error of 3D printed guide was 4 mm, which was significantly lower than 28 mm of free-hand osteotomy. Owing to complex anatomy of pelvis, accurate tumor resection could not be insured by free-hand pelvic osteotomy.^\[[@R11]--[@R14]\]^ A simulative osteotomy study with 24 pelvic models was carried out by Cartiaux et al.^\[[@R14]\]^ Under assistance of osteotomy guide, high-precision osteotomy accuracy of 1 mm was achieved. Accurate osteotomy could also avoid the incidence of intraoperative lesion of adjacent blood vessel and nerve.^\[[@R11],[@R13]\]^ In our study, 4 osteotomy lines were planned surrounding acetabulum. The osteotomy guide matched perfectly with pelvis in operation. The application of 3D printed osteotomy guide lay foundation for the successful implantation of 3D printed prosthesis.

Though satisfactory surgical effect and follow-up result were achieved, there were also several limitations in this study. First, only 1 case pelvic reconstruction surgery with 3D printed prosthesis was reported in this study. More cases would be brought into further study. Second, there was no quantitative result to assess osteotomy accuracy of 3D printed guide. Finally, biomechanical tests were not conducted to forecast stability of prosthesis preoperatively. Further study was expected to remedy above limitations.

Accurate tumor resection and pelvic reconstruction were successfully achieved with application of 3D printed hemi-pelvic prosthesis. Follow-up result within 12 months was satisfactory. A promising method for treatment of pelvic tumor was provided in this study. More convincing conclusions require further biomechanical tests and more clinical cases to verify.
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